This research characterizes the kaolinitic clays from Cretaceous-Paleocene lateritic deposits of Terra Alta (south Catalonia) to evaluate their possible applications. The outcrops and quarries belong to the Horta de Sant Joan and Pinell de Brai areas. The chemical composition, mineralogy, rheological behavior, particle size distribution and plasticity are determined. The Fe and Ti 4+ contents prevent them from being directly used as raw material for white ceramics. The mineralogy consists of kaolinite with quartz, illite, hematite, and minor K-feldspar and calcite. Most of the area comprises medium plastic clays that are classified as fired clays and can be used as ceramic and construction materials. In Horta de Sant Joan, a kaolinitic-rich level, up to 75 wt % of kaolinite, is highly crystalline with low plasticity and can be classified as flint clay, useful as a refractory clay. The evaluated kaolinitic clays can also be used to obtain a triaxial ceramic when they are mixed with feldspar to act as a fluxing agent and chamotte.
Introduction
Kaolin is highly important for industry, especially due to its specific properties that benefit a large number of applications [1] [2] [3] . Kaolin mining started in the Neolithic, when people discovered its suitability for painting; previously, the miners had transformed this raw material into a form that could be more readily applied to surfaces [4] . Nowadays, most of this raw material is employed for papermaking [5] , but also another common application is in the manufacture of whiteware ceramics, because of its excellent firing properties and relatively high melting point. Kaolin has many other specific applications depending on its properties, such as for pharmaceutical and medical applications, due to its fine grain size, adsorptive properties and whiteness [6] .
Industrially, kaolin is a clay composed mainly of kaolinite or other related clay minerals. A technological classification of kaolinitic clays according to their possible applications distinguishes between ball clays, brick clays, fire or refractory clays, flint clays, bloating clays and underclays [7] . Other classifications include more classes, such as light-firing clays, low-grade kaolins, high-grade kaolins, raw kaolins, kaolinitic loams, ball clays and dark-firing clays [8] .
To determine the optimal usability of clays, it is necessary to know their chemical and mineralogical composition [9] , because they are responsible for the characteristics and properties of the final product. Industrial ceramic processes use different raw materials (triaxial ceramics composition), each component contributing to the properties of the final product. [14] and the geological map from reference [15] ).
In the study area, materials from Mesozoic to Cenozoic ages occur. The Cavalls-Pàndols anticlinorium has the oldest materials, comprising limestones, dolostones and marls of Middle and Upper Triassic age [16] . The Mora Basin is filled by Jurassic carbonated rocks, whereas in the Cretaceous, detrital sediments are also abundant, with sandstones and silts. The Upper Cretaceous is characterized by limestones and marls with the development of lateritic clays.
These materials are discordantly overlain by Paleogene limestones followed by silts and gypsum. This unit is followed by conglomerates and breccias that extensively outcrop in Pinell de [14] and the geological map from reference [15] ).
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Samples
Eighteen samples from the Horta de Sant Joan and Pinell de Brai areas were obtained. Each sample was taken as representative of the unit where it was located. In Horta de Sant Joan there are different exploitation fronts, currently abandoned, and the most important is the Purisima mine, from which 5 kaolinitic layers have been sampled (Hj-1 to Hj-3 in the white kaolinite levels interbedded in the versicolor clays and the Hj-4 and Hj-5 samples from the sandy clay levels).
In the smaller exploitation fronts, kaolinite levels occur within the versicolor clays, and a representative sample of each one was collected (Hj6 to Hj-9). In Pinell de Brai, kaolinitic clays were exploited along a 5-km-long front, the selected samples corresponding to 3 different locations of that front separated by distances of 1 km ( Figure 1 ).
The samples were dried at 50 °C and crushed in a jaw crusher followed by a grinding step in a laboratory mill, up to a maximum size of 800 μm. Subsequently, they were sieved, sorted, and quartered in several fractions to be used for the different tests and analyses.
Analytical Methods
The chemical composition was obtained by X-ray fluorescence (XRF) using a sequential X-ray PW2400 spectrophotometer (Philips, Amsterdam, The Netherlands) located at the Centres Científics i Tecnològics de la Universitat de Barcelona (CCiT-UB).
Mineralogy was determined by X-ray powder diffraction (XRPD). Measurements were taken using an automatic X'Pert diffractometer (PANalytical, Almelo, The Netherlands) graphite monochromator, automatic gap, Kα-radiation of Cu at λ = 1.54061 Å, powered at 45 kV and 40 mA, scanning range 4-100° with a 0.017° 2θ step scan and a 50 s measuring time. Identification and semiquantitative evaluation of phases were made on PANanalytical X'Pert HighScore software, Version 2.0.1 (PANanalytical, Almelo, The Netherlands). Calculation of the Hinckley crystallinity index was obtained according to the instructions of Hinkley [20] .
The crystallite size of kaolinite was estimated using the Scherrer equation [21] : dhkl = k × λ/(B × cosθ), where dhkl is the crystallite size and corresponds to d[001], k = 0.90, λ = wavelength = 0.15406 nm, B = full width at half maximum, and θ = diffraction angle. 
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Fourier transform infrared (FTIR) spectra were obtained using a 2000 FTIR spectrometer (Perkin-Elmer System, Waltham, MA, USA). Vibrational spectra were obtained in the 400-4000 cm −1 range.
Back-scattered electron images and qualitative chemical analyses of the kaolin samples were obtained using a Hitachi TM-1000 table-top scanning electron microscope (SEM) (Hitachi, Tokyo, Japan) equipped with an energy dispersive X-ray spectrometer (EDS).
The particle size distribution of the raw materials has been determined by means of an LS 13 320 Coulter particle size analyzer (Beckman, Brea, CA, USA). Before being measured, the samples were treated with sodium pyrophosphate and agitated mechanically for 24 h in order to achieve a total disaggregation. Plasticity was determinate by the Atterberg limits: liquid limit (LL), plastic limit (PL) and plasticity index (PI), using the Casagrande method [22] , following the UNE 7-377-75 [23] and UNE 103-104-93 [24] standards.
Thermal analyses of samples were obtained by simultaneous differential thermal analysis and thermogravimetry (DTA-TG), using a TASCH 414/3 model (Netzsch, Selb, Germany). Analyses were carried out in the temperature range 25-1300 • C under air atmosphere, at a constant flow rate of 80 mL/min, in an alumina (Al 2 O 3 ) crucible and at a heating rate of 10 • C/min. The amount of sample analyzed was~85 mg.
The dilatometric curves of the raw samples were measured using a L76/1550 dilatometer (Linseis, Selb, Germany). The experiment was carried out from room temperature to 1300 • C, at a heating rate of 10 • C/min and cooling was registered in a static-air atmosphere.
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Results and Discussion
Chemical Composition
The chemical composition of the studied raw materials is shown in and MgO, with values below 1 wt %. Most of the analyzed samples from the outcrops can be classified as silico-aluminous clays. This chemical composition is similar to other kaolins with applications in the ceramics industry [25] [26] [27] [28] [29] [30] [31] (Figure 3 ). [25] , Turkey I [26] , Turkey II [27] , Tunisia I [28] , Tunisia II [29] , Castellón (Spain) [30] , Western Portugal [31] . [25] , Turkey I [26] , Turkey II [27] , Tunisia I [28] , Tunisia II [29] , Castellón (Spain) [30] , Western Portugal [31] .
From an industrial point of view, the Al 2 O 3 /Fe 2 O 3 ratio could be used to define the possible end uses of the clays in the ceramic paste formulation. If Al 2 O 3 /Fe 2 O 3 > 5.5 clays are alumina-rich, with a certain whitish color, so they are useful for manufacturing refractory ceramics. If Al 2 O 3 /Fe 2 O 3 < 5.5, they are iron-rich and can be used in the manufacture of building materials (bricks, tiles, etc.) and, occasionally, for yellow-gray tableware.
The color of kaolin is related to mineral inclusions and/or presence of some chromophore elements in the kaolinite crystalline framework [32] . The Fe 2 O 3 and TiO 2 contents and the gaseous atmosphere kilns present during firing cause the end color of a ceramic piece. Usually, Fe 3+ is present in the octahedral sheet as an isomorphic substitution of octahedral Al 3+ [33] , and Fe 3+ and Ti 4+ contents decrease the value of kaolinitic raw materials and their practical applications [34] . Usually, high quality kaolin has low Fe, Ti, and alkaline earths contents. If the Fe 3+ and Ti 4+ contents are high, in the firing processes ilmenite is formed, which contains these chromophore elements and, thus, produces a dark color. The Terra Alta kaolinitic clays cannot be used as raw materials to formulate white ceramics due their high Fe and Ti contents.
Other oxides (MgO, MnO) also play a role in the color of fired clays [27, 35] . Then, it is necessary to upgrade its quality in order to meet the specifications required for whiteware ceramics. Subari and Wahyudi [36] suggest employing a treatment that consists of washing, wet sieving in magnetic ferro-filter equipment and then dissolving with a H 2 SO 4 10% solution to revalue the kaolin by increasing its whiteness. The low contents in Na + , K + , Ca 2+ and Mg 2+ in the Terra Alta clays made necessary the addition of fluxes to increase vitrification in the ceramic production [37] .
The SiO 2 /Al 2 O 3 mass ratio (Table 1 ) ranges from 1.23 to 5.21, the lowest values corresponding to the white kaolinite levels interbedded in the versicolor clays of Horta de Sant Joan. The low K 2 O and Na 2 O contents involve high-temperature treatments in the paste firing process. Thus, for a triaxial paste formulation, additives rich in these elements are necessary.
Mineralogical Composition
The mineralogical composition of representative samples of the study area is presented in Table 2 . Kaolinite and quartz are the most abundant minerals (Figure 4 ). Other accessory minerals are hematite, K-feldspar, illite and calcite. The crystallite size of kaolinite calculated from the Scherrer equation is about 20-25 nm. In two cases, the size reaches 73 and 100 nm, and the calculated Hinckley index (HI) 1.26 and 1.19, respectively. These high values are typical of a higher crystallinity degree or well-ordered kaolinite [38] . -3  68  15  2  -13  2  4  Hj-4  48  47  2  -2  1  100  Hj-5  21  76  --3  -73  Hj-6  57  37  3  -2  1  23  Hj-7  84  14  2  ---22  Hj-8  79  16  1  -3  1  27  Hj-9  72  24  2  -2  -17  Pb-1  60  32  3  -5  -24  Pb-2  84  15  --1  -19  Pb-3  43  45  4  -8  -22  Pb-4  61  34  3  -2  -23  Pb-5  53  32  4  6  5  -23  Pb-6  59  32  2  7  --23  Pb-7  58  26  4  11  1  -22  Pb-8  46  50  --4  -24  Pb-9  43  49  2  -6  -24 Minerals 2020, 10, x FOR PEER REVIEW 6 of 14 The high SiO 2 content correlates with quartz, which plays a role in ceramic production as a degreaser to reduce the plasticity, facilitating the workability. The kaolinite contents in Horta de Sant Joan is highly variable. The highest content, up to 76 wt %, corresponds to the hard and white beds and the low contents to the versicolor clays, which are richer in quartz. Generally, Pinell de Brai clays are more kaolinitic (15-50 wt %). Hematite content varies between 1 and 8 wt % and feldspars around 2-4 wt %, which are admissible values for the formulation of a ceramic paste. Samples with lower content of kaolinite tend to have lower amounts of aluminum and are classified as silicoaluminous clays.
The FTIR spectrum of the uppermost layer of Horta de Sant Joan ( Figure 5 ) presents the typical bands of kaolinite, corresponding to structural bonds: tetrahedral silica (Si-O), octahedral aluminum (Al-O and Al-OH) and SiO 4 -Al 2 O 3 bonds (Si-O-Al). The positions and assignments of the absorbance bands from the Terra Alta clays has been compared with those from theoretical kaolinite [39] (Table 3) . Finally, the absorption bands between 918 and 1200 cm -1 are assigned to Si-O, Al-O stretching modes and OH deformation. The peak at 800 cm -1 is controversial; several authors attributed this vibration to OH deformation [39, [45] [46] [47] or to Si-O [48, 49] . In addition, bands around 700 cm -1 were also attributed to Si-O vibrations. The band at 500 cm -1 is related to Si-O-Al stretching and at 464 and 419 cm -1 to Si-O-Si bending vibrations [40] . In the region between 3800 and 3600 cm −1 the most characteristic absorption bands of kaolinite appear, corresponding to structural water and Al-OH stretching vibrations [40] [41] [42] . These characteristic bands appear at 3696, 3682, 3653 and 3622 cm −1 in sample Hj-5. The first strong band at 3697 cm −1 arises from surface hydroxyls and produces an in-phase vibration perpendicular to the 1:1 layers [40] . The bands 3670 and 3652 cm −1 originated from stretching vibrations that are sub-parallel to the 1:1 layers. The lowest frequency band at 3620 cm −1 corresponds to the fourth inner OH group [43] . The theoretical doublet between 3694 and 3619 cm −1 , which appear at 3696 and 3622 cm −1 in these samples, reveals a well-ordered kaolinite structure [44] . Moreover, in the region corresponding to Si-O stretching, located between 945 and 1120 cm −1 , the bands at 1112, 1020 and 945 cm −1 occur.
Finally, the absorption bands between 918 and 1200 cm −1 are assigned to Si-O, Al-O stretching modes and OH deformation. The peak at 800 cm −1 is controversial; several authors attributed this vibration to OH deformation [39, [45] [46] [47] or to Si-O [48, 49] . In addition, bands around 700 cm −1 were also attributed to Si-O vibrations. The band at 500 cm −1 is related to Si-O-Al stretching and at 464 and 419 cm −1 to Si-O-Si bending vibrations [40] .
Scanning electron microscope observations show that the Terra Alta clays exhibit platy regular lamellar hexagonal flakes of kaolinite, often grouped in stacks ( Figure 6 ). Tubular crystals were not observed, which confirms the absence of halloysite [25, 50] . Scanning electron microscope observations show that the Terra Alta clays exhibit platy regular lamellar hexagonal flakes of kaolinite, often grouped in stacks ( Figure 6 ). Tubular crystals were not observed, which confirms the absence of halloysite [25, 50] . 
Particle Size Distribution
The particle shape and size distribution of kaolin has an important role in controlling other properties such as brightness, viscosity, opacity, ceramic strength and shrinkage [51] . The particle size distribution of clays determines its suitability for different applications, and particular attention should be given to the fraction below 2 μm for ceramic products [28] .
This study confirms that most of the investigated materials have particles with a size smaller than 100 μm, especially those of Pinell de Brai, which are characterized by an abundance of particles of size between 2 and 6 μm. The richest level in kaolinite of Pinell de Brai, which contains 50% of kaolinite, has about 50% of particles below 2 μm (Figure 7 ). 
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Rheological Properties
Plasticity
The PI, LL, and PL of the Terra Alta clays are shown in Table 4 and the Casagrande plasticity chart in Figure 8 . 
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Plasticity
The PI, LL, and PL of the Terra Alta clays are shown in Table 4 and the Casagrande plasticity chart in Figure 8 . Figure 8 displays a wide range of the Atterberg limits. Kaolinitic clays are characterized by a PI ranging from 5% to 30%, and a liquid limit between 30% and 70% [52] . The Pinell de Brai clays fall into this range (PI = 6.7-0.2; LL = 30.84-47.37). However, kaolinitic materials from Horta de Sant Joan display LL values below 30% and a PI under 5 in half the samples studied, being the lowest value in the area richest in kaolinite (Hj-5). This low PI can be justified by the highest Hinckley index of these clays. This low PI is typical of flint clays, which are described as refractory clays mainly constituted of highly ordered kaolinite with small particle sizes [53] . The main application of these clays is as refractory raw materials. To be moulded, the paste needs a moisture content above the plastic limit and below the liquid limit to minimize problems that result from shrinkage of ceramic pieces during drying. The optimum content of moisture is between 16% and 18%. Higher proportions of water generate cracking in the pieces during drying. clays. This low PI is typical of flint clays, which are described as refractory clays mainly constituted of highly ordered kaolinite with small particle sizes [53] . The main application of these clays is as refractory raw materials. To be moulded, the paste needs a moisture content above the plastic limit and below the liquid limit to minimize problems that result from shrinkage of ceramic pieces during drying. The optimum content of moisture is between 16% and 18%. Higher proportions of water generate cracking in the pieces during drying. 
Thermal Evolution
The differential thermal analysis (DTA) indicates the steps of weight loss produced by exo-and endothermic events (Table 5 ). Figure 9 corresponds to DTA-TG curves typical of kaolinite thermal evolution. 
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The first unmarked peak corresponds to an endothermic event before 190 • C, correlated with a small weight loss (about 1.0 wt %) in the TG curve, attributed to the decomposition of poorly crystalized fine-grained aluminum hydroxide [25, 54, 55] . The second endothermic peak is at~569 • C, associated with the main weight loss in the TG (about 9 wt %). This is related to kaolinite dihydroxylation, loss of OH groups and to a transition phase from α-quartz to β-quartz, which implies a change in volume. Finally, an exothermic effect associated with the processes of mullitization appears at about 992 • C, related to the formation of the γ-Al 2 O 3 spinel-type phase at the kaolinite-metakaolinite mullite transformation [56] . At this temperature, the loss of weight is insignificant. Usually, the total mass loss at 1300 • C ranges from 5 to 11 wt %, depending on the clay minerals content. kaolinite-metakaolinite mullite transformation [56] . At this temperature, the loss of weight is insignificant. Usually, the total mass loss at 1300 °C ranges from 5 to 11 wt %, depending on the clay minerals content. The maximum endothermic peak corresponds to the samples with more crystalline kaolinite (HI > 1). Hu and Yang [57] attributed the temperature changes to variation in crystallinity, with the poorly crystallized kaolinite easier to remove than the more crystalline kaolinite. 
Dilatometry
Dilatometric curves obtained during heating and cooling processes of kaolin show the dimensional changes. This evolution is essential to determine the correct development of an adjusted firing conditions curve and ultimately to reduce the energy consumption. Dilatometric curves of the Terra Alta clays display a classic behavior corresponding to kaolinite ( Figure 10 ). The maximum endothermic peak corresponds to the samples with more crystalline kaolinite (HI > 1). Hu and Yang [57] attributed the temperature changes to variation in crystallinity, with the poorly crystallized kaolinite easier to remove than the more crystalline kaolinite.
Dilatometric curves obtained during heating and cooling processes of kaolin show the dimensional changes. This evolution is essential to determine the correct development of an adjusted firing conditions curve and ultimately to reduce the energy consumption. Dilatometric curves of the Terra Alta clays display a classic behavior corresponding to kaolinite ( Figure 10 ). In the heating process, there is a small expansion, up to 500 °C, due to the high Al 3+ content [58] . The samples richest in quartz show a higher expansion produced by both effects (kaolinite and quartz). It is followed by a slight shrinkage increase between 500 and 950 °C with sequential events, attributed to polymorphic α-β quartz transformation, kaolinite dihydroxylation and spinel-like structure formation. A sharp contraction starts at 1050 °C due to a sintering process, with a new mineral formed (mullite and amorphous SiO2) [59] [60] [61] . In the heating process, there is a small expansion, up to 500 • C, due to the high Al 3+ content [58] . The samples richest in quartz show a higher expansion produced by both effects (kaolinite and quartz). It is followed by a slight shrinkage increase between 500 and 950 • C with sequential events, attributed to polymorphic α-β quartz transformation, kaolinite dihydroxylation and spinel-like structure formation.
A sharp contraction starts at 1050 • C due to a sintering process, with a new mineral formed (mullite and amorphous SiO 2 ) [59] [60] [61] Two polymorphic phenomena, β-α quartz and β-α cristobalite, are observed in the cooling curve segment, approximately at 550 • C and 170 • C, respectively. Polymorphic transformations (heat and cold) of quartz are present in the samples richer in this mineral phase, the dilatometric curve shows a step corresponding to a volumetric change. These changes are very important when clays are used in ceramic production, being necessary to decrease the kiln heating to avoid possible fissures. Finally, Mg 2+ and Fe 3+ contribute to mullite formation, Ca 2+ has a less significant role, and Na + , K + and Ti 4+ delay these processes [62] .
Conclusions
In general, kaolinitic clays from Terra Alta have a moderate plasticity and can be classified as fire clays. These fire clays can be used for stoneware and construction, due to their high aluminum and iron content, their particle size characteristics, plasticity, and their moderate contraction. The level with the highest kaolinite content, with Fe 2 O 3 < 1.5 wt %, is located in Horta de Sant Joan. Its high contraction and white color after firing allows its classification as a flint clay, making it usable as high-quality refractory material or as an additive. The narrow thickness of this level and the slight dipping angle make it difficult to exploit as an isolated bed.
The Pinell de Brai clays are suitable for obtaining a triaxial ceramic paste. These clays should be mixed with other raw materials depending on the type of ceramics to be manufactured. Usually, their low content in fluxes causes a high porosity during firing; so in the formulation of a possible ceramic paste, feldspar should be included to act as a fluxing agent. Another possible additive is chamotte, which gives stability and reduces the proportion of iron in the paste. The characterization of the kaolinite levels of Terra Alta carried out in this research is the basis for establishing the formulation of a triaxial paste and determining its rheology.
